A B S T R A C T Cholesterol catabolism was stimulated in 6-wk-old White Carneau pigeons using a laboratory stock diet containing 1.3% cholestyramine resin. After 8 wk on this diet the animals were returned to control stock diet (no resin) for another 8-wk period. When subsequently challenged with a diet containing 0.5% cholesterol, cholestyramine-pretreated pigeons exhibited significantly lower serum cholesterol level when compared with controls and this "hyporesponder" behavior persisted throughout the study period. Furthermore, the aorta of cholestyramine-treated animals exhibited significantly (a) lower prevalence and severity of atherosclerosis and (b) lower cholesterol content. These studies demonstrate for the first time that enhancement of cholesterol catabolism in early life improves resistance to diet-induced atherosclerosis in later life in this avian model.
INTRODUCTION
Epidemiological and pathological studies of atherosclerosis have suggested that this disease process starts early in life and develops over a period of several years (1, 2) . Therefore, it is of primary interest to determine whether interventions started early in life can prevent the age-related progression leading to complicated atherosclerotic lesions. Since high serum cholesterol is a risk factor for atherosclerosis (3) , attempts to improve the handling of cholesterol in adult life by manipulating cholesterol metabolism in neonatal life appears to have considerable potential as a means to decrease atherogenic tendency in later years (4) . Studies from our laboratory in neonatal guinea pigs showed (5) that enhancement of cholesterol degradation by cholestyramine for the first 6 wk of life improved the ability of these animals to handle cholesterol challenge in adult life. Whether such stimulation of cholesterol catabolism in early life can also improve resistance to dietary cholesterol-induced atherogenesis is not known and this question was investigated in the White Carneau pigeon. This animal model develops spontaneous atherosclerotic lesions (6) (7) (8) and when fed cholesterolcontaining diet, the severity of atherosclerosis is markedly accelerated (9) . In (10) .
At the end of cholesterol feeding period, the pigeons were killed by exsanguination. The aortas were dissected quickly, and the area in between 2-mm points below and above the celiac branch of the aorta (site of spontaneous atherosclerotic lesions [11] in these pigeons) was cut out and placed on top of a transparent plastic sheet lying on graph paper. The aortas were then photographed and the color slides obtained were projected on a screen. The area of raised atheroscle- FIGURE 1 Changes in plasma cholesterol levels in control and cholestyramine-pretreated pigeons during the study. Each point represents the mean value from 9 to 10 animals and the vertical bars represent SEM. Same animals were sampled at various time points. Age-matched pigeons on chow diet throughout had plasma cholesterol of 289±13 mg/ 100 ml at the end of the study.
rotic lesion (yellow) was traced on paper and estimated by planimetry, as previously described (8, 11 (10) . In this solvent system all the phospholipids remain at the origin. Bands corresponding to standards of free cholesterol and cholesteryl ester were marked and scraped into vials. Both sterols and steryl esters were eluted from the silica gel G by three extractions, each with 4 ml of chloroform. The extracts were pooled and evaporated to dryness. The steryl ester fraction was hydrolysed with 1 N NaOH in 20% ethanol and the resulting sterols were extracted with hexane. The sterols (both free and esterified) were analyzed by gasliquid chromatography using 5a-cholestane as an internal standard (8, 10) . The sterols were quantitated on the basis of the internal standard peak areas. Sterols were analyzed using a Packard model 409 gas chromatograph (Packard Instrument Co., Inc., Downers Grove, IL) equipped with 4-ft 4-mm i.d. glass columns containing 3% OV-17 (on gas chrom Q, 100-120 mesh) packings. Column conditions were as follows: oven, 2300; injector, 270°, detector, 3000; and carrier gas, helium 50 ml/min. Cholesterol contributed to 98% of sterols in aorta. The rest was made up of cholestanol (1.9%) and traces of a peak corresponding to retention time of campesterol. 
RESULTS
Cholestyramine feeding for 2 mo did not influence the body weight (in grams) of pigeons (control: 598±7, cholestyramine treated: 575±6). Cholestyramine treatment (period I) caused a slight but significant (P < 0.05) decrease in plasma cholesterol (Fig. 1 ). Upon cessation of cholestyramine feeding and return to normal chow diet (period II) plasma cholesterol levels returned to control levels. Both control and experimental groups were continued on the control chow diet for a 2-mo period. Subsequently, both groups of animals were challenged with a 0.5% cholesterol containing chow diet for a 3-mo period (period III). Initially, plasma cholesterol levels increased markedly in both groups of animals (Fig. 1) . Subsequently, in cho-B lestyramine-pretreated pigeons, plasma cholesterol levels were significantly lower (P < 0.05) when compared to the control group. This "hyporesponder" pattern in plasma cholesterol changes was maintained throughout the study period. Plasma cholesterol of pigeons on chow diet was 287±13 mg/100 ml at this age.
At the end of cholesterol challenge period, the animals were killed and examined for the prevalence and extent of atherosclerosis. While 90% of the control group showed the presence of raised atherosclerotic lesions, only 30% of the cholestyramine pretreated group had atherosclerotic lesions ( Table I ). The atherosclerosis index (percent aortic surface involved) in cholestyramine pretreated animals was significantly lower (P < 0.05) when compared to the control group. Furthermore, cholesterol content of aorta (an important indicator of atherogenesis) was significantly lower (P < 0.01) in cholestyramine pretreated group. Histological examination of the aorta ( Fig. 2A and B) indicated that intima was markedly raised with lipidladen foam cells surrounded by collagen-containing areas in control animals. In the cholestyramine-pretreated pigeon the intima was slightly raised with very moderate collagen and lipid accumulation. Pigeons on chow diet throughout had low aortic cholesterol (Table I ).
DISCUSSION
One of the observations made in this study is that stimulation of cholesterol catabolism by cholestyramine in early life improves the handling of cholesterol in adult life. The cholestyramine-pretreated animals exhibit a hyporesponder behavior in their response to dietary cholesterol challenge. We have further examined the mechanisms of this phenomenon and found that the hepatic activity of cholesterol 7a-hydroxylase (rate limiting enzyme of cholesterol catabolism to bile acids), which is stimulated following neonatal treatment with cholestyramine (12) , remains persistent up to 2 mo after cessation of cholestyramine treatment (cholesterol 7a-hydroxylase activity in controls: 0.68±0.08 pmol/mg per min, cholestyramine pretreated: 2.56±0.43 pmol/mg per min, P < 0.01, unpublished data). The persistence of enhanced cholesterol 7a-hydroxylase activity may be partly responsible for the increased cholesterol catabolism and subsequent lowering of serum cholesterol.
The most interesting observation made in this study is that the pigeons treated with cholestyramine in early life not only show an improved response in terms of serum cholesterol levels, but also show marked resistance to cholesterol-induced atherosclerosis. The mechanism responsible for the phenomenon is not clear. It is conceivable that some of the effect could be due to the lower plasma cholesterol noted in this study. Although the plasma cholesterol levels in the cholestyramine-pretreated group were lower when compared with controls ( Fig. 1) , they were nevertheless quite high (>900 mg/100 ml) in comparison to normal levels in pigeons (250 mg/100 ml). Thus, it appears that in addition to serum cholesterol differences, and increased activity of cholesterol 7a-hydroxylase, arterial wall metabolism of cholesterol might be permanently altered by early cholestyramine treatment. In this connection, it is interesting to note that recent studies have shown (13, 14) that cholestyramine treatment enhanced specific receptor-mediated catabolism of low density lipoproteins. However, it is not known whether this effect of cholestyramine treatment is also as persistent as that observed for hepatic cholesterol 7a-hydroxylase activity in this and previous study (11) . Further studies are needed on the persistent changes in arterial lipid metabolism following early cholestyramine treatment, in order to understand the improved resistance to atherosclerosis noted in this study. In summary, our studies show for the first time that manipulation of cholesterol metabolism in early life is effective in influencing atherogenic response in later life in this avian model.
